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Nuclear energy company Fennovoima is planning to construct a nuclear power
plant (NPP) on the Hanhikivi peninsula in Pyha¨joki. Prior to construction, the
Hanhikivi 1 NPP shall be designed to withstand seismic hazards. In the Finnish
nuclear industry, the assessment of seismic risks begins with a probabilistic seismic
hazard assessment (PSHA) [1]. The aim of this work is to review the most signif-
icant parameters in the logic tree of Hanhikivi 1 PSHA. The scope of the thesis
includes examining approaches to evaluate the maximum magnitude (mmax) and
involving two new ground motion prediction equations (GMPEs) in the PSHA.
We corrected the weights calculated by applying the Kijko approach in the cur-
rent PSHA and demonstrated the shortcomings of the weight assessment method.
We also attempted to derive the mmax directly from the Kijko approach, but the
calculated value was deemed unreasonably low. The first included GMPE was
the modified G16 GMPE recently developed to the Fennoscandian conditions [2].
The second GMPE was derived from the Dahle function [3] by the author. The
modified Dahle GMPE was calibrated to Fennoscandia in the applicability range
of Rhyp ≤ 200 km and Mw ≤ 6,5. A comparison to the measured data and the
other GMPEs suggests that the modified Dahle GMPE underestimates ground
motion for Mw < 5, 0 in near distance (Rhyp ≤ 10 km). Therefore, we included the
modified Dahle GMPE in the logic tree with a relatively small weight factor. We
ran the seismic hazard analyses on EZ-FRISK and compiled the ground response
spectra (GRS) following the logic tree. The GRS were compiled for a range of
annual frequencies of exceedance (AFE = 10−4 a−1 - 10−8 a−1), but the thesis
only discusses the results at AFE = 10−5 a−1 due to its significance in nuclear
safety. We compared the computed GRS with the current GRS of the Hanhikivi
1 site. Including the new GMPEs alleviated the unphysical features in the cur-
rent Hanhikivi 1 GRS caused by the drastically different ranges of the Pezeshk
and Fennoscandian GMPEs. In summary, we improved our understanding of the
PSHA sensitivity to the mmax and GMPE parameters, but our work also brought
up and highlighted issues regarding them.
Keywords: probabilistic seismic hazard assessment, ground motion pre-
diction, magnitude, nuclear safety, seismology
Language: English
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Energiayhtio¨ Fennovoima suunnittelee ydinvoimalaitoksen rakentamista Han-
hikivenniemelle Pyha¨joella. Rakentamislupaa varten voimalaitos ta¨ytyy suun-
nitella kesta¨ma¨a¨n seismisia¨ hasardeja. Suomessa seismisten riskien arvioin-
tiin ka¨yteta¨a¨n todenna¨ko¨isyysperusteista seismisen hasardin arviointia (PSHA).
Tyo¨ssa¨ on tarkoituksena tarkastella Hanhikivi 1 -laitoksen PSHA:n logiikka-
puun merkitta¨vimpien parametrien laskentaa. Lisa¨ksi tyo¨ssa¨ ka¨yda¨a¨n la¨pi tapoja
maksimimagnitudin (mmax) ma¨a¨ritta¨miseen ja lisa¨ta¨a¨n kaksi uutta maanvaimen-
nusyhta¨lo¨a¨ (GMPE) logiikkapuuhun. Tyo¨ssa¨ korjattiin ta¨ma¨nhetkisen PSHA:n
va¨a¨rinlasketut Kijko-menetelma¨a¨n pohjautuvat painokertoimet ja demonstroitiin
painotusten laskemistavan heikkouksia. Maksimimagnitudi yritettiin ma¨a¨ritta¨a¨
myo¨s suoraan Kijko-menetelma¨sta¨, mutta tulos oli epa¨uskottavan pieni. Logiik-
kapuun ensimma¨inen uusi GMPE on vastika¨a¨n Fennoskandian oloihin kehitelty
muunnettu G16 GMPE [2]. Toinen GMPE johdettiin Dahle-funktiosta [3] os-
ana diplomityo¨ta¨. Muunnettu Dahle GMPE kalibroitiin Fennoskandian oloihin,
jossa sen on arvioitu soveltuvan Rhyp ≤ 200 km ja Mw ≤ 6,5 va¨lilla¨. Muun-
nettua Dahle GMPE:ta¨ vertailtiin mittauksiin ja muihin GMPE:ihin, minka¨
perusteella GMPE vaikuttaa aliarvioivan maanliiketta¨ matalilla magnitudeil-
la Mw < 5, 0 la¨hieta¨isyydella¨ (Rhyp ≤ 10 km). Muunnettu Dahle GMPE
sisa¨llytettiin silti logiikkapuuhun, mutta pienemma¨lla¨ painokertoimella. Seismiset
hasardianalyysit ajettiin EZ-FRISK-ohjelmistolla, ja hasardianalyyseista¨ koostet-
tiin logiikkapuuta vastaavat maavastespektrit. Maavastespektrit koostettiin use-
alle esiintymistaajuudelle (AFE = 10−4 a−1 - 10−8 a−1), mutta tyo¨ssa¨ keski-
tyta¨a¨n esiintymistaajuuteen AFE = 10−5 a−1 taajuuden turvallisuusmerkityksen
vuoksi. Vertasimme laskettua maavastespektria¨ nykyiseen Hanhikivi 1 laitoksen
maavastespektriin. Uusien GMPE:iden la¨sna¨olo va¨hensi nykyisessa¨ Hanhikivi 1 -
maavastespektrissa¨ havaittuja epa¨fysikaalisia piirteita¨. Yhteenvetona tyo¨ paransi
ymma¨rrysta¨ PSHA:n herkkyydsta¨ mmax- ja GMPE-parametreille, mutta tyo¨ssa¨
tuotiin esiin myo¨s ongelmat parametreihin liittyen.
Asiasanat: todenna¨ko¨isyysperusteinen seisminen hasardiarvio, maan-
vaimennusyhta¨lo¨, magnitudi, ydinturvallisuus, seismologia
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Chapter 1
Introduction
Fennovoima is planning to construct a new nuclear power plant (NPP) at the
Hanhikivi site in Pyha¨joki, Northern Ostrobothnia. Prior to construction,
the Hanhikivi 1 NPP shall be designed to withstand a variety of external
hazards that may challenge safety functions [4]. A major external hazard
to be considered is the possibility of earthquakes. Fennoscandia is generally
regarded as an area of low seismic risk, but earthquakes of considerable sizes
still occur. As a case in point, an earthquake of magnitude M4,1 was recently
measured in the Bothnian Bay roughly 100 km from the Hanhikivi site.
Although the earthquake was exceptionally large in Fennoscandia, similar
events are taken in the account in the NPP design [5].
In light of this, the YVL guide B.7 [1] requires the seismic hazard to be
considered in the design of the NPP. The design basis earthquake (DBE)
shall be determined by probabilistic seismic hazard assessment (PSHA) and
the external impact to the NPP shall be presented as a ground response
spectrum (GRS). In addition to the DBE, the design extension condition
(DEC) C earthquake shall also be determined. In a DEC C event, the plant
shall be demonstrated to reach the controlled state and subsequently the
safe state. However, the YVL guide does not precisely state the acceptable
methods for PSHA. As the nuclear energy industry is the only field in Finland
requiring seismic planning, much of the methodology is developed by the
industry itself.
As a result, Fennovoima has conducted several studies to assess the seismic
hazard at the Hanhikivi 1 site. The preliminary work began as early as in
2008 to evaluate alternative plant sites [6–8]. In 2011, Fennovoima announced
the plant would be built on the Hanhikivi site in Pyha¨joki [9]. Following this,
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STUK requested additional studies to reduce uncertainties in seismic hazard
assessment [10]. In response, Fennovoima conducted an extensive project
between 2013 - 2015 to assess the seismic hazard at the Hanhikivi site region
[11]. The project resulted in two reports [11, 12] that updated every aspect
of PSHA replacing the earlier reports completely. Afterwards, an error was
found in processing ground motion [13] and corrected [14], and the ground
response spectra were updated [15–17].
The most challenging task in conducting a PSHA is determining the parame-
ters defining the seismicity and the attenuation characteristics in the area of
interest. The seismicity is expressed as a seismotectonic model consisting of
seismic source areas with given seismic activity rate and magnitude-frequency
relation. The attenuation characteristics are described in a form of ground
motion prediction equation (GMPE) defining the attenuation of a seismic
wave traveling from source to site.
In this work, we review the Hanhikivi 1 PSHA focusing on the GMPE and
the maximum magnitude. We derive a new Dahle-based GMPE calibrated
with the Fennoscandian and North American measurements and include it
in the Hanhikivi 1 PSHA. In addition, we include the modified G16 GMPE
introduced by Fu¨lo¨p et al. (2019) [2]. We also revise the current approach
to assess maximum magnitudes and examine alternative approaches. The
structure of the thesis is as follows. Chapter 2 gives a brief background of
the PSHA in general and regarding the Hanhikivi 1 NPP site. Chapter 3
presents the theoretical background of the maximum magnitude assessment,
ground motion prediction and seismic hazard calculation. Sections 4.1 -
4.2 describe the calibration of the modified Dahle GMPE and compare the
GMPEs. In sections 4.3 - 4.4, we describe the weight assessment of the logic
tree parameters and present the computational parameters. Finally, chapter
5 examines the computed ground response spectra while chapter 6 concludes
the thesis.
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Chapter 2
Background
In the nuclear industry, the assessment of seismic risks begins with a seismic
hazard assessment [18]. The International Atomic Energy Agency’s (IAEA)
[18] guide on seismic hazard assessment presents the probabilistic seismic
hazard assessment in five main steps (direct quote):
1. Evaluation of the seismotectonic model for the site region in terms of
the defined seismic sources, including uncertainty in their boundaries
and dimensions
2. For each seismic source, evaluation of the maximum potential magni-
tude, the rate of earthquake occurrence and the type of magnitude-
frequency relationship, together with the uncertainty associated with
each evaluation.
3. Selection of the attenuation relationships for the site region, and as-
sessment of the uncertainty in both the mean and the variability of
the ground motion as a function of earthquake magnitude and seismic
source to site distance.
4. Performance of the hazard calculation.
5. Taking account of the site response.
Evaluation of the seismotectonic model in step 1 forms the foundation for
the seismic hazard assessment. A seismotectonic model divides the area of
interest into seismic source areas (SSAs) based on their different seismicity
patterns and tectonic history [12]. Korja and Kosonen (2015) [12] defined
two seismotectonic models for the Hanhikivi 1 site with both of them com-
prising an area of a 500 km radius around the Hanhikivi 1 site. Model 1
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was consructed based on the potential reactivation of geologically ancient
features while Model 2 is based on the analysis of recently active struc-
tures. Korja and Kosonen (2015) [12] also defined the rate of earthquake
occurrence and the Gutenberg-Richter (GR) parameter, namely the seismic
activity parameters in step 2, for the SSAs. The GR parameter defines the
magnitude-frequency relation through the GR equation commonly applied
in PSHA [18]. In addition, we must also define the depth range considered
in the seismic calculations. The PSHAs conducted with the current seismo-
tectonic models [11, 15–17] have adapted a depth range of d = 0 - 45 km
based on the average crustal depth in the area [11]. Saari et al. (2015) con-
ducted a sensitivity study with d = 0 - 30 km, since it was concluded to cover
the seismogenic layer, where 99% of the earthquakes occur [12]. The larger
depth range overestimates the possibility of very shallow large earthquakes
and very deep earthquakes [19]. The study conducted for the PGA at an an-
nual frequency of exceedance of 10−5 a−1 found decreasing the depth range
to increase the median by nearly 10%, a low number considering the overall
uncertainty.
The magnitude-frequency relationship is strongly affected by the maximum
magnitude. The first PSHAs performed for the Hanhikivi 1 site applied the
maximum observed magnitude as such [20] and with an arbitrary increment
[7, 8] as the maximum magnitude. In the major project by Saari et al. (2015)
[11], a more systematic approach known as the Kijko approach in [21] was
introduced to the Hanhikivi 1 site. The method applies confidence levels
to a set of given maximum magnitudes based on the seismic catalog and
the Gutenberg-Richter relation. In [11], weight factors corresponding to the
confidence levels were assigned to maximum magnitude values mmax = 5,5;
6,0; 6,5 and 7,0. The highest evaluated maximum magnitude, mmax = 7,0,
was based on Koskinen (2013) [22] and EU-project SHARE (2014) [23].
Selecting the attenuation relationships applicable to the Finnish seismotec-
tonic conditions in step 3 has been a difficult subject in the Hanhikivi 1
PSHA. The PSHAs conducted between 2008 - 2010 applied the Atkinson-
Boore, Toro [6, 8] and a Dahle-based GMPE [7]. In response to the abun-
dance of applicable GMPEs, Saari et al. (2015) [11] conducted a literature
survey to find the most suitable GMPE based on a list of selection criteria.
The survey resulted in the Pezeshk GMPE that was originally designed for
eastern North America (NA), an area seismically similar to Fennoscandia.
The report also introduces the Fennoscandian GMPE developed by scaling
the Pezeshk GMPE with a multiplying function to fit the empirical earth-
quake data in Fennoscandia. In 2017, VTT concluded that the Fennoscan-
dian GMPE (FGMPE) should not be used in seismic hazard calculations
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[13] leading to an update report by Vuorinen (2018) [14]. During the re-
vision of the GMPEs in [14], an error was discovered in the seismic data
processing, but the effect on the seismic activity parameters was estimated
to be negligible [24] i.e. the parameters in [11] remain valid. The update
in the FGMPE lead to corresponding updates in the DBE [15] and DEC C
PGA [16]. Subsequently, the GRS were computed for an extensive range of
exceedance frequencies (AFE = 10−2 - 10−9 a−1) and presented along the
seismic hazard curve for the PGA [17]. Challenges in the GMPE selection
initiated a new project in SAFIR2018 to update the Fennoscandian seismic
database and develop a new GMPE for the nuclear industry in Finland. The
project resulted in the modified G16 GMPE by Fu¨lo¨p et al. (2019) [2] derived
from the G16 model by Graizer (2016) [25].
Probabilistic assessment requires defining the uncertainty of the aforemen-
tioned parameters to assess the confidence. In risk analysis, uncertainties are
generally categorized as either aleatory or epistemic. Aleatory uncertainty
is the intrinsic randomness of a phenomenom which cannot be reduced with
more data, whereas epistemic uncertainty is attributed to the lack of knowl-
edge about the model describing the phenomenom [18]. In the current PSHA
[11], uncertainty regarding the seismic activity rate, GR parameter and max-
imum magnitude is aleatoric. Aleatoric uncertainty taken into account by
applying weights to the logic tree branches following the probability distri-
bution of the variable. Uncertainty in the seismotectonic model and GMPE
is epistemic and it is considered by including multiple models in the logic
tree.
The PSHA results are typically expressed as a ground respose spectrum
(GRS) computed by assuming a one-dimensional oscillator at the site and
evaluating the logic tree for a given damping factor and a spectrum of natural
oscillating frequencies [1]. The seismic hazard calculations evaluated in the
logic tree have been carried out by commercial software EZ-FRISK in Saari
et al. (2015) [11] and the consecutive reports [15–17]. Although YVL guide
B.7 only explicitly requires the GRS to be computed for the DBE frequency
(10−5 a−1), a range of annual frequencies of exceedance must be considered
for seismic probabilitic risk assessment [18]. The last step, taking account
of the site response, is ignored since the Hanhikivi 1 plant will be founded
directly on bedrock [11].
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Chapter 3
Theory
3.1 Magnitude
3.1.1 mmax cumulative distribution function
In 1949, Gutenberg and Richter introduced a relation between the rate and
the magnitude of earthquakes [26]. The Gutenberg-Richter relation states
that the number of earthquakes generally follows a distribution given by
lg(λm) = a− bm, (3.1)
where λm is the rate of earthquakes with a magnitude greater than m, and
a and b are constants.
Equation (3.1) can be used to derive the cumulative distribution function
(CDF) of magnitude m bounded between [mmin,mmax]. The Gutenberg-
Richter CDF of m for m ∈ [mmin,mmax] is given by
FM(m) =
λmmin − λm
λmmin − λmmax
=
1− 10−b(m−mmin)
1− 10−b(mmax−mmin) .
(3.2)
Equation (3.2) is occasionally presented with exponential base [27]. The
CDF of magnitude m with the double-truncated Gutenberg-Richter relation
over the entire magnitude range then becomes
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FM(m,mmax,mmin) =

0, if m < mmin
1− e−β(m−mmin)
1− e−β(mmax−mmin) , if mmin ≤ m ≤ mmax
1, if m > mmax
(3.3)
where β = bln(10) for b in equation (3.1) is known as the GR parameter.
Figure 3.1 shows equation (3.3) plotted as a function of magnitude.
Figure 3.1: Cumulative distribution function of magnitude m in equation 3.3.
Maximum and minimum magnitudes represent sharp cut-off magnitudes.
3.1.2 Kijko approach to mmax assessment
Kijko (2004) [27] presented a method to estimate maximum magnitude mmax
and standard deviation σmmax from the given seismic catalog. In this work,
the seismic events are assumed to follow the double-truncated GR relation,
but the method can be applied to any magnitude-frequency relation [27].
Let us assume a catalog of n earthquakes with known minimum magnitude
mmin and unknown maximum magnitude mmax. The CDF of the maximum
observed magnitude mobsmax is given by [27]
7
FMn(m
obs
max) = [FM(m
obs
max,mmin,mmax)]
n, (3.4)
where FM(m,mmin,mmax) is the CDF in equation (3.3).
The expected value of mobsmax is [27]
E(mobsmax) =
∫ mmax
mmin
mdFMn(m)
= mmax −
∫ mmax
mmin
FMn(m) dm.
(3.5)
Hence, equation (3.5) can be estimated as
mmax ≈ mobsmax +
∫ mmax
mmin
FMn(m) dm. (3.6)
The integral can be simplified with Crame´r’s approximation [28]. Equation
(3.5) then takes the form
mmax = m
obs
max +
E1(n2)− E1(n1)
βe−n2
+mmine
−n, (3.7)
where E1(z) is the exponential integral function given by
E1(z) =
∫ ∞
z
e−ζ
ζ
dζ (3.8)
that takes parameters n1 = n/(1− exp(−β(mmax −mmin))) and
n2 = n1exp(−β(mmax −mmin)).
The variance of mmax is given by
Var(mmax) = σ
2
M +
(E1(n2)− E1(n1)
βe−n2
+mmine
−n
)2
, (3.9)
where σM denotes the standard deviation in the determination of m
obs
max.
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3.1.3 Assessing weights for mmax values
Let us assume the cumulative distribution function in equation (3.4). The
probability of that out of n events there will be an earthquake with magnitude
z > m is
Prmmax,mmin(z > m) = 1− FMn(mobsmax), (3.10)
given that the magnitude distribution is limited by mmax and mmin. Equation
(3.10) represents the confidence level of mmax when m
obs
max and n are given.
The unnormalized weight for mmax is defined as the limited confidence level
given by
W0(mmax) = Prmmax,mmin(z > m
obs
max)− Prmmax−∆m,mmin(z > mobsmax), (3.11)
which can regarded as the probability of an earthquake with magnitude
z ∈ [mobsmax,mmax] for interval mmax ∈ [mmax − ∆m,mmax]. Typically, the
interval between the mmax values is applied as interval ∆m. The weight
factor determination process is illustrated in figure 3.2.
The final weight factors are normalized, giving us
W (mmax) =
W0(mmax)
Σm={mmax}W0(m)
. (3.12)
3.2 Ground motion prediction
3.2.1 Ground motion
In seismic hazard assessment, the primary interest is the ground motion at
the site induced from the source. This section introduces the parameters
characterizing ground motion. Here, we only discuss the peak ground accel-
eration (PGA) and spectral acceleration (SA) as they are applied in Finland
[1].
PGA is defined as the maximum amplitude recorded by an accelerogram at
one location during a single earthquake. The spectral response is defined by
9
Figure 3.2: Function (3.10) plotted with respect to mmax for mmin = 1, 1,
mobsmax = 4, 3 and n = 11 064. The red lines show the unnormalized weights
in equation (3.11) for ∆m = 0, 5.
a one-dimensional damped harmonic oscillator at position x(t) subjected to
recorded amplitude a(t). The equation of motion of the oscillator is given by
[29]
x¨(t) + 2βωx˙(t) + ω2x(t) = −a(t), (3.13)
where β is the damping factor commonly assumed as 0,05 (5% damping) in
Finland and ω is the angular frequency defined as ω = 2pif , where f is the
spectral frequency.
Spectral acceleration is defined as the maximum response felt at the site, i.e.
SA(β, ω) = |x¨(t) + a(t)|max. (3.14)
SA plotted as a function of f is known as the ground response spectrum
(GRS). A GRS describes the maximum response of a harmonic oscillator of
varying natural frequency forced into motion by the same vibration. In case
of a rigid oscillator, i.e. when ω → 0, the SA in equation 3.14 becomes
10
lim
ω→0
SA(β, ω) = |a(t)|max, (3.15)
which is equal to PGA.
Ground motion prediction equations (GMPEs) estimate the ground motion
at the site region. GMPEs predict the probability distribution of the ground
motion rather than a single intensity value to account for the significant
variance. GMPEs take the general form
lnY = lnY (m, r, θ) + σlnY (m, r, θ), (3.16)
where  is a random variable, lnY (m, r, θ) and σlnY(m, r, θ) are the mean and
the standard deviation of the ground motion intensity given as a function
of magnitude m, distance r and possible other parameters denoted as θ.
Random variable  follows the normal distribution with parameters as  ∝
N (0, 1).
Geometric mean horizontal component is a standard GM parameter provided
in many databases [14]. The geometric mean is given by
Y¯ (ω) =
( n∏
i=1
Yi(ω)
) 1
n
, (3.17)
where ω is the natural angular frequency of the oscillator and Yi(ω) is the
ground motion for the n considered components. Typically two orthogonal
horizontal components are chosen (n = 2) and the vertical component is
expressed by a separate V/H ratio. In this work, GM is given in geometric
mean horizontal component unless otherwise mentioned.
3.2.2 Pezeshk and Fennoscandian GMPEs
Pezeshk et al. (2011) [30] introduced a GMPE for the seismically quiet
eastern North America applicable in ranges Rhyp ∈ [0, 1000 km] and Mw ∈
[5,0; 8,0]. The GMPE was stochastically adjusted from different empirical
GMPEs developed for the more active western North America.
The Pezeshk GMPE is of the form
11
lg(YPEZ) = c1 + c2Mw + c3M
2
w+
(c4 + c5Mw) ·min(lg(R), lg(70))+
(c6 + c7Mw) ·max(min[lg(R/70), lg(140/70)], 0)+
(c8 + c9Mw) ·max(lg(R/140), 0)+
c10R,
(3.18)
where R is given by
R =
√
R2rup + c
2
11, (3.19)
where YPEZ is the median PGA or SA, Mw is the moment magnitude, Rrup
is the closest distance to the fault rupture and c1 - c11 are constants.
The mean standard deviation of lg(YPEZ) is estimated as [30]
σlg(Y¯PEZ)(Mw) =
{
c12Mw + c13, if Mw ≤ 7,
−6, 95 · 10−3Mw + c14, if Mw > 7,
(3.20)
where c12 - c14 are constants. Constants c1 - c14 are listed in [30].
The Fennoscandian GMPE (FGMPE) was developed by scaling the Pezesk
GMPE in equation 3.18 to the Fennoscandian database compiled in [11] and
[14]. The resulting GMPE agrees with the Fennoscandian measurements
while maintaining the attenuation behavior of the Pezeshk GMPE. The spec-
tral frequency dependent applicability range of the FGMPE is given in [11].
The Fennoscandian GMPE can be expressed as [14]
lg(YFGMPE) = lg(F ) + lg(YPEZ), (3.21)
where YPEZ is the prediction by Pezeshk and F is the multiplying function
given by
lg(F ) = c0 + min(Mw −Mmin, 0) · (c1 + c2 ·min(Rhyp −R1, 0)), (3.22)
where c0 - c4 are the least-squares fitted coefficients, Mw is the moment mag-
nitude, Rhyp is the hypocentral distance and R1 is the first critical reflection
distance (70 km in [14]).
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The standard deviation of lg(YFGMPE) was approximated by the root mean
square error (RMSE) given by
σlg(YFGMPE) =
√√√√ 1
n
n∑
i=1
(
lg(Y¯i)− lg(ai)
)2
, (3.23)
where n is the number of measurements, ai is the empirically measured
ground motion acceleration and Y¯i is the ground motion prediction for ai.
Coefficients c1 - c4 and standard deviation values σlgY are listed [14].
3.2.3 Modified G16 GMPE
Fu¨lo¨p et al. (2019) [2] developed a new GMPE to the Fennoscandian condi-
tions applicable in ranges Rrup ∈ [0, 600 km] and Mw ∈ [2,0; 7,0]. The mod-
ified G16 GMPE is based on the G16 model introduced by Graizer (2016)
[25]. The G16 GMPE expresses the ground motion as a series of filters Gn,
where each of them represents a physical phenomenom affecting the radiation
of seismic waves.
PGA predicted by the modified G16 GMPE is given by [2]
PGA(Mw, Rrup) = G1(Mw) ·G2(Mw, Rrup) ·G3(Mw, Rrup) ·G4 ·Cmean, (3.24)
where Mw is the moment magnitude, Rrup is the closest distance to the rup-
ture, G1 - G4 are the filters for the magnitude scaling, distance attenuation,
anelastic attenuation and site correction, respectively, and Cmean is the legacy
coefficient from converting ground motion measures.
The filters in equation (3.24) are given by
G1(Mw) = (c1 · arctan(Mw + c2) + c3) · F, (3.25)
G2(Mw, Rrup) =
((
1−
(Rrup
Rcor
)Sl)2
+ 1, 96 ·D22 ·
(Rrup
Rcor
)Sl)−1/2
, (3.26)
G3(Mw, Rrup) = exp
(
− c11 + c12 ·Mw
Q0
·Rrup
)
(3.27)
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and
G4 = 0, 575, (3.28)
where the distance correction factor is defined as Rcor = c4 + Mw · c5, the
magnitude dependent slope factor is Sl = 1Mw + 2, and cn, F , D2, Q0 and
n are constants listed in [2]. The site correction filter assumes a constant
vs30 = 2 800 m/s, which is a common approximation in Fennoscandia [2].
In the modified G16 model, the SA is obtained by scaling the PGA with
normalization factor SAnorm. The SA at period T = f
−1 is thus given by
SA(T,Mw, Rrup) = PGA(Mw, Rrup) · SAnorm(T,Mw, Rrup). (3.29)
The normalization factor in equation (3.29) is defined as
SAnorm(T,Mw, Rrup) = I · exp
(
− 0, 5
( ln(T )− µ
S
)2)
+
((
1−
( T
Tsp,0
)ζ)2
+ 4D2sp
( T
Tsp,0
)ζ)−1/2
,
(3.30)
where Tsp,0 and µ are the factors controlling the peak amplification frequency,
S controls the width of the spectra and constants I and ζ (given in [2]) control
the spectral amplification and slope, respectively.
The peak amplification frequency and spectral width factors in equation
(3.30) are defined as
µ = m1Rrup +m2Mw +m3, (3.31)
Tsp,0 = max(t1Rrup + t2Mw + t3, 2e
−µ), (3.32)
and
S = s1 ·Rrup − (s2 ·Mw + s3), (3.33)
where constants mn, tn and sn are listed in [2].
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3.2.4 Modified Dahle GMPE
Dahle et al. (1990) introduced a GMPE for the Northwestern Europe. The
GMPE was calibrated with a database comprising intraplate measurements
from several continents.
Let us assume the ground motion amplitude to be of the form [3]
Y =
Y0
Rbhyp
eaM+qRhyp , (3.34)
where Rhyp denotes hypocentral distance, M denotes magnitude and Y0, a,
b and q are constants.
The logarithm of equation (3.34) then becomes
ln(Y ) = ln(Y0) + aM − bln(Rhyp) + qRhyp. (3.35)
Distance-dependence of the geometric spreading is assumed to be of the form
[3]
G(Rhyp, R0) =

R−1hyp, if Rhyp ≤ R0, (3.36a)
R−10
( R0
Rhyp
)5/6
, if Rhyp > R0, (3.36b)
where R0 is the hypocentral distance where the spherical spreading of S waves
is overtaken by the cylindrical spreading of Lg waves [3]. The recommended
value is R0 = 100 km [3, 7].
Substituting equations (3.36a) - (3.36b) in equation (3.35) and renaming
constants then gives us
ln(Y ) = c1 + c2M + c3lnG(R,R0) + c4R, (3.37)
where c1 - c4 are the coefficients to be determined. The optimized Dahle
GMPE is shown in figure 3.3.
The Dahle GMPE predicts the ground motion to fall log-log-linearly with
respect to distance in the range of Rhyp ≤ 10 km, as shown in figure 3.3.
Dahle et al. (1990) [3] assumes earthquakes to be point-sourced, while fault
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Figure 3.3: PGA at different magnitudes predicted by Dahle et al. (2990) [3].
The coefficients are c1 = −1, 471, c2 = 0, 849, c3 = 1, 0 and c4 = −0, 00418.
The solid line shows the verification of our GMPE computation.
widths at the Hanhikivi site are shown to exceed even one kilometer for
Mw ≥ 4, 0 [31]. Therefore, the attenuation gradient is unrealistic in near
distances at large magnitudes. This conclusion is further supported by a
prior report [8], where the Atkinson-Boore GMPE was excluded from PSHA
based on its log-log-linear attenuation.
One possibility to resolve the contradiction is by assuming a constant atten-
uation in near-distance. Applying this assumption for Rhyp ≤ 10 km gives
us the modified Dahle function
lnY =

c1 + c2M − c3Rc + c4Rc, if Rhyp ≤ Rc, (3.38a)
c1 + c2M − c3ln(Rhyp) + c4Rhyp, if Rc ≤ Rhyp ≤ R0, (3.38b)
c1 + c2M − c3ln(R1/60 R5/6hyp) + c4Rhyp, if Rhyp > R0, (3.38c)
where Rc = 10 km.
16
3.3 Seismic hazard analysis
The ability to predict ground motion is a key element of seismic hazard
analysis. As stated in equation (3.16), ground motion y follows distribu-
tion ln(y) ∝ N (ln(Y ), σ2ln(Y )). The probability of exceeding ground motion
intensity y then becomes
P (Y > y|m, r) = 1− Φ
( ln(y)− lnY (m, r)
σln(Y )
)
, (3.39)
where Φ(x) is the CDF of normal distribution.
The overall probability of an earthquake with an intensity above y occurring
can be expressed as [32]
P (Y > y) =
∫ mmax
mmin
∫ rmax
0
P (Y > y|m, r)fM,R(m, r)drdm, (3.40)
where fM,R(m, r) is the probability distribution of magnitude m and distance
r integrated over ranges [mmin,mmax] and [0, rmax], respectively.
Seismic source areas in EZ-FRISK are defined as polygons in the horizontal
plane. In EZ-FRISK, the probability in equation (3.40) for source area j
becomes [33]
Pj(Y > y) =
∫
ρ
arcj(ρ)
areaj
(∫
m
P (Y > y|m)fMj(m)dm
)
dρ, (3.41)
where fMj is the magnitude distribution in source area j, ρ is the horizontal
distance from the site, arc(ρ) is the length of the arc with distance ρ from
the source and areaj is the horizontal area of the source calculated as [33]
areaj =
∫
ρ
arcj(ρ)dρ. (3.42)
Seismic activity rate and magnitude distribution are constant inside a seismic
source area. As a result, the rate of ground motions exceeding amplitude y
is given by [32, 33]
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λ(Y > y) =
nsources∑
j
λj
∫
ρ
arcj(ρ)
areaj
(∫
m
P (Y > y|m)fMj(m)dm
)
dρ, (3.43)
where λj is the seismic activity rate in source j.
In practice, EZ-FRISK solves for the amplitude with a given time frequency
by calculating the activity rates for a list of amplitudes (a1, a2, ... , an) and
earthquake periods (T1, T2, ..., Tm), where T = f
−1 and compiling a matrix
as shown below.
a1 a2 ... an
T1 λ(a1, T1) λ(a2, T1) ... λ(an, T1)
T2 λ(a1, T2) λ(a2, T2) ... λ(an, T2)
... λ(ai, Tj)
Tm λ(an, Tm)
Based on the matrix, EZ-FRISK interpolates the amplitude between the
activity rates bracketing the targeted AFE.
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Chapter 4
Methods
4.1 Fitting of the Dahle function
In this section, we derive a new GMPE based on the Dahle function in
equations (3.38a)-(3.38c). The modified Dahle function was calibrated with
the following data sets:
1. Fennoscandian earthquake recordings [14],
2. Next Generation Attenuation Relationships for Central & Eastern North-
America (NGA-East) [34] and
3. Canadian recordings from Engineering Seismology Toolbox (EST) [35].
The Fennoscandian database was originally compiled by Saari et al. (2015)
[11], corrected by Vuorinen et al. (2018) [14] and further updated with recent
recordings. We received the database from T. Vuorinen via email. Measure-
ments from CENA (NGA-East and EST) were included to supplement the
Fennoscandian data set with high-magnitude data from similar tectonic set-
tings [14]. The database was filtered to only include recordings measured
in the hard rock conditions with vs30 ≥ 2000 ms−1 and sampling frequency
fs ≥ 100 Hz. Observed amplitudes can be considered reliable at frequencies
below fobs = 40 Hz. The upper limit is based on the engineer’s version of
Nyquist-Shannon theorem (fobs ≤ fs/2, 5) [36]. The limit describes the high-
est frequency when the signal can be reconstructed without aliasing effects
while considering the inaccuracy attributed to measuring. It should be noted
that the GM intensity in NGA-East is given in median rotated component
(RotD50), but here, it is used interechangeably with the geometric mean [14].
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In addition to choosing the database sources, consideration must be given
to the magnitude and distance ranges of the database. The main challenge
is in avoiding letting non-damaging microearthquakes control the calibration
while retaining a sufficient amount of calibration data. We base our definition
of the safety-significant magnitude and distance ranges on the deaggregation
study in [11], where the mean (Mw, Rhyp) for PGA = 0,2 g and 0,02 g were
(2,4; 6,9 km) and (2,3; 20 km), respectively. Majority of the measurements
are insignificant to nuclear safety, as shown in figure 4.1. We filtered out
events below magnitude Mw = 2, 0 based on the deaggregation study and
the cut-off magnitude in Fu¨lo¨p et al. (2019) [2]. Cut-off distance Rhyp = 150
km was selected, as we aimed to retain about the same number of measure-
ments below and above Rhyp = 100 km, where the method of the geometric
spreading in equations (3.36a) - (3.36b) changes. The modified Dahle func-
tion has relatively few coefficients to fit, compared to e.g. [2], allowing a
calibration with fewer measurements and, consequently, the relatively low
cut-off distance. A summary of the filtered database is given in table 4.1
while figure 4.2 shows its magnitude and distance distribution.
Figure 4.1: Histograms of the seismic database distributed by moment mag-
nitude (left) and hypocentral distance (right) before filtering by magnitude
and distance.
We wrote a C++ program to optimize the modified Dahle function in equa-
tions (3.38a) - (3.38c). The program was designed to loop through a range
of coefficients c1 − c4 and return the set of coefficients giving the minimum
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Table 4.1: Summary of the seismic data used to calibrate the modified Dahle
GMPE.
Fennoscandia CENA
Number of recording stations 57 11
Epicentral distance range (km) 4,87 - 149 22,4 - 146
Depth range (km) 1,0 - 36,9 16,4 - 26,0
Moment magnitude range 2,0 - 4,5 5,0 - 5,9
Number of events 78 3
Number of measurements 198 11
Figure 4.2: Histograms of the calibration data for the modified Dahle GMPE
distributed by moment magnitude Mw (left) and hypocentral distance Rhyp
(right).
RMSE (see equation (3.23)) for the filtered database in table 4.1. The com-
putationally heavy optimization was parallelized with a BASH script and
performed on a computing cluster. The process was repeated for every spec-
tral frequency and the resulting optimized parameters are listed in table 4.2.
While our optimized σlg(Y ) values are high (σlg(Y ) > 0,35), they are still con-
sidered acceptable (σlg(Y ) < 0,55) [37]. Figure 4.3 shows the modified Dahle
GMPE fitted for the PGA. Figures of the fits at other spectral frequencies
are presented in appendix A. These figures show that on the mean level, the
ground motion is not nuclear safety significant (GM ≥ 0,1 g) below Mw =
5,0. Figure 4.4 shows the residual of the fit (res = lg(GMDahle)− lg(GMobs))
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distributed by magnitude Mw and distance Rhyp. The residual appears evenly
distributed by magnitude, but the distribution by distance deviates. To ex-
amine the deviation, we calculated the average shift in distance Rhyp ≤ R0
defined as
shift =
( n∑
i=1
wR0(Rhyp,i)
)−1 n∑
i=1
(
wR0(Rhyp,i)(lg(Y¯i)− lg(ai))
)
, (4.1)
where n is the number of measurements, ai is the empirically measured
ground motion acceleration, Rhyp,i is the hypocentral distance of ai, Y¯i is the
ground motion prediction for ai and wR0(Rhyp,i) is the weight factor equaling
one when Rhyp,i ≤ R0 and zero elsewhere.
The shifts calculated for R0 = 30 and 50 km are presented in table 4.3. A
systematic shift can be observed in table 4.3 but the shifts are insignificant
compared to other uncertainties related to the derivation of GMPEs. For
example, the maximum shift of 0,139 in table 4.3 merely corresponds to a
relative difference of 38%. The shift in range Rhyp ≤ 10 km is significantly
large, exceeding 1,0 at every spectral frequency. Unfortunately, there is only
one measurement of magnitude Mw = 2, 2 in this range so we cannot make
conclusions on the reliability of the fit below Rhyp = 10 km.
Table 4.2: Optimized coefficients of the optimized Dahle GMPE in equations
(3.38a)-(3.38c). Coefficient c3 was restricted to be non-negative. Standard
deviation σlg(Y ) is equal to the minimized RMSE.
frequency (Hz) c1 c2 c3 c4 σlg(Y ) σln(Y )
PGA -12,6 2,04 0,075 -0,0210 0,393 0,905
40 -11,2 1,93 0,082 -0,0257 0,434 0,999
33,33 -11,4 1,93 0,059 -0,0229 0,426 0,981
25 -11,7 1,95 0,038 -0,0197 0,418 0,962
20 -12,1 1,99 0,039 -0,0168 0,406 0,935
10 -13,9 2,20 0,049 -0,00873 0,388 0,893
6,67 -15,3 2,43 0,065 -0,00712 0,402 0,926
5 -16,2 2,51 0,053 -0,00599 0,406 0,935
2,5 -18,3 2,75 0,052 -0,00579 0,411 0,946
1 -19,4 2,66 0,077 -0,00945 0,402 0,926
0,5 -19,0 2,31 0,126 -0,0104 0,363 0,836
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Figure 4.3: The fitted modified Dahle GMPE plotted for the PGA for mag-
nitudes Mw = 3,5 - 6,0. Dashed lines present the lg(Y )± σlg(Y ) errors. The
subfigures include data points in the interval [Mw −∆m, Mw + ∆m], where
∆m = 0, 25.
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Figure 4.4: Deviation of the modified Dahle function from the calibration
data for PGA as a function of moment magnitude (left) and hypocentral
distance (right). The solid line shows the average deviation.
Table 4.3: Shifts in close distance to the site calculated with equation (4.1).
The modified Dahle GMPE overestimates when the shift is positive and
underestimates for a negative shift. The shift approaches zero for a growing
R0.
f (Hz) R0 = 50 km R0 = 30 km
PGA -0,00698 -0,124
40 -0,0180 -0,115
33,33 -0,0201 -0,139
25 0,0127 -0,0690
20 0,0197 -0,0759
10 0,0413 -0,0854
6,67 0,0517 -0,0676
5 0,0665 -0,0875
2,5 0,0571 -0,0958
1 0,0416 -0,104
0,5 0,0244 -0,127
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4.2 Comparison of the GMPEs
In this section, we plotted the GMPEs introduced in section 3.2 as a function
of distance at different magnitudes to study their behavior. Figures 4.5 -
4.6 show the GMPE comparison for the PGA, while figures at the spectral
frequencies are shown in appendix B.
Between range Rhyp = 10 - 100 km, the amount of calibration data is suffi-
cient and the GMPEs appear consistent. Although deviations up to around
a magnitude in the ground acceleration can be observed, they reflect the
general variability in the calibration data. Measurements show differences
up to a magnitude in ground acceleration for close moment magnitudes and
distances (see e.g. figure 4.3 or figure 4.1 in [14]). Between Rhyp = 70 - 140
km, we can observe a discontinuity in the Pezeshk and the Pezeshk-based
Fennoscandian GMPE. This feature, arising from the Mohorovicˇic´ disconti-
nuity [30], is not seen in the modified Dahle and G16 GMPEs. It is impossible
to conclude definitely whether the discontinuity in the ground motion exists
solely based on our data. Above Rhyp = 200 km all the GMPEs except for the
modified Dahle GMPE keep predicting consistent values. This is expected,
since the GMPE is not calibrated beyond Rhyp = 150 km, as explained in
section 4.1.
Predicting ground motion in range Rhyp = 1 - 10 km is a challenging task,
since the range contributes significantly to the total hazard [11], while the
calibration data is scarce. The GMPEs in Rhyp = 1 - 10 km start to deviate
for a decreasing magnitude. In particular, the modified Dahle GMPE signif-
icantly deviates from other GMPEs with the deviation exceeding around a
magnitude for Mw < 5,0 (see figure 4.5 and appendix B). The growing devi-
ation can be understood by comparing the GMPE behavior for a changing
magnitude in figure 4.7. The Pezeshk and the Fennoscandian GMPEs appear
to converge for an increasing magnitude, while the increment in the modi-
fied G16 and Dahle GMPEs is nearly linear. The increment in the modified
Dahle GMPE is particularly large leading to the aforementioned deviation
in the lower magnitude range. The studied GMPEs show a low attenuation
gradient between Rhyp = 1 - 10 km, when compared to e.g. the original Dahle
function in figure 3.3 or the Atkinson-Boore [8, 38]. The modern GMPEs
successfully account for the size of the the fault width discussed in section
3.2.4.
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Figure 4.5: The GMPEs plotted for the PGA as a function of hypocentral
distance between Mw = 4,5 - 7,0. Dashed line implies that the GMPE is out
of its range of applicability.
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Figure 4.6: The GMPEs plotted for the PGA as a function of hypocentral
distance between Mw = 1,5 - 4,0. Dashed line implies that the GMPE is out
of its range of applicability.
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Figure 4.7: The GMPEs plotted for the PGA as a function of hypocentral
distance between Mw = 4,0 - 7,0. The purpose of the plots is to illustrate
the different trends of convergence below Rhyp = 10 km.
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4.3 Logic tree
As mentioned in chapter 2, the Hanhikivi 1 PSHA accounts for the uncer-
tainties in the seismotectonic model, seismic parameters λ and β, maximum
magnitude mmax and GMPE by evaluating them in a logic tree. The logic
tree applied in this work is presented in figure 4.8. We applied the two seis-
motectonic models presented in [11] with equal weights. Seismic parameres
λ and β are assumed to be normally distributed [11]. Normal distribution
is symmetric about its mean with 68 % of the distribution in range [µ − σ,
µ+ σ]. Based on this, Saari et al. (2015) [11] selected weights W (µ) = 0, 68
and W (µ±σ) = 0, 16. The seismic parameters and their standard deviations
are listed in [12].
Hanhikivi 1
Logic tree
Model 1
(0,50)
Model 2
(0,50)
𝛽
(0,68)
𝛽 − 𝛿𝛽
(0,16)
𝛽 + 𝛿𝛽
(0,16)
𝜆
(0,68)
𝜆 − 𝛿𝜆
(0,16)
𝜆 + 𝛿𝜆
(0,16)
𝑚max = 6,0
(0,17)
𝑚max = 6,5
(0,044)
𝑚max = 7,0
(0,012)
𝑚max = 5,5
(0,77)
Pezeshk GMPE FGMPE G16 GMPE Dahle GMPE
Figure 4.8: Schematic presentation of the logic tree structure used to evaluate
the seismic hazard. The orange background color denotes that the node is
modified from [11]. The weight of each node, except for the GMPEs, is given
in the brackets. The total number of leaf nodes in the thesis is 288.
The current approach to assess the weights for mmax (see section 3.1.3) re-
quires selecting a set of maximum magnitudes. Saari et al. (2015) [11]
applied mmax = {5,5; 6,0; 6,5; 7,0} with an interval of ∆m = 0,5. The pa-
rameters defining the Gutenberg-Richter relation in equation 3.4 were mmin
= 1,1, b = 1, 1 and mobsmax = 4,3. The number of earthquakes was calcu-
lated as n = λT , where λ was 84,5 events/year for the given mmin during
29
observed time period T = 131 years. We repeated the weight assessment
in [11], but obtained slightly different values, as shown in table 4.4. The
weights calculated here are applied in the logic tree, but the effect of the
change on the seismic hazard assessment is expected to be negligible. We
attempted to include mmax = 5,0 in the set of maximum magnitude values,
as shown in table 4.4. Resulting weight W (mmax = 5, 0) = 0, 86 was deemed
too high considering the current weight distribution and the prior studies on
mmax in Fennoscandia (see chapter 4.2 in [11]). Our attempt to extend the
magnitude range demonstrates a significant problem in the current method of
weight assessment; the method is very sensitive to the lowest mmax value cho-
sen. Following the shortcomings in the current weight assessment method,
we attempted to approach the problem by assuming mmax to be normally
distributed allowing us to apply the weight distribution of the seismic pa-
rameters. We calculated the mmax and Var(mmax) following equations (3.7) -
(3.9) with the input parameters in this paragraph. A binary search code was
written in R to iteratively solve for mmax in equation (3.7). The exact value
of σM in equation (3.9) is not known, so we assigned σM = 0,50 based the
estimate in [20]. The described approach resulted in mmax = 4, 43 ± 0, 51,
which was deemed unreasonably low and rejected. The method, originally
applied for the seismically active western NA, likely fails when applied to a
seismically less active area. In active areas, the difference between the max-
imum possible and the maximum observed earthquake can be small, but in
less active areas the the maximum earthquake can be significantly stronger
than the strongest earthquake in the measurement history.
Table 4.4: The weight distribution of mmax introduced in Saari et al. (2015)
[11], calculated in this work with the parameters in [11] and calculated in-
cluding mmax = 5,0.
mmax Saari calculated extended
5,0 - - 0,86
5,5 0,70 0,77 0,11
6,0 0,22 0,17 0,024
6,5 0,06 0,044 0,0061
7,0 0,02 0,012 0,0016
In this work, we attempt to include two new GMPEs in the current Hanhikivi
1 PSHA. The GMPE weight distribution applied in the current Hanhikivi
1 PSHA [11] is presented in table 4.5. In section 4.1, it was shown that
the modified Dahle function appears to underestimate ground motion near
the site (Rhyp ≤ 30 km). In section 4.2, the modified Dahle function was
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shown to predict lower GM estimates near the site when compared to the
other GMPEs at low magnitudes. Based on these observations, the Dahle
function was given a lower weight than the G16 function. The selected weight
ratio between the Dahle and the G16 GMPEs is shown in table 4.6. The
upper limit of the magnitude range was estimated as Mw = 6, 5 based on
the magnitude range of FGMPE calibrated with a similar dataset. There is
inherent arbitrariness in the selected weight ratios in tables 4.5 - 4.6 as there
is no standard process to evaluate the epistemic uncertainty of the GMPEs.
A weight ratio of 1:1 was selected between the GMPEs in the current PSHA
and the newly introduced GMPEs. Combining tables 4.5 - 4.6 with the
selected ratio gives us the total weight distribution shown in table 4.7.
Table 4.5: Weight ratio between the Fennoscandian and the Pezeshk GMPE
[11]. The dependence on magnitude and frequency arises from the differing
magnitude ranges of applicability and the disagreement between the FGMPE
predictions and the empirical data at low spectral frequencies.
mmax f > 10 Hz and PGA f = 10 Hz f < 10 Hz
5,5 0,9/0,1 0,9/0,1 0/1
6,0 0,6/0,4 0,6/0,4 0/1
6,5 0,3/0,7 0/1 0/1
7,0 0/1 0/1 0/1
Table 4.6: Weight ratio between the modified G16 and the modified Dahle
GMPE.
mmax ∀f
5,5 - 6,5 0,7/0,3
7,0 1/0
Table 4.7: Weight ratio between the Fennoscandian, Pezeshk, modified G16
and modified Dahle GMPEs, respectively.
mmax f > 20 Hz and PGA 10 Hz f < 10 Hz
5,5 0,45/0,05/0,35/0,15 0,45/0,05/0,35/0,15 0/0,5/0,35/0,15
6,0 0,3/0,2/0,35/0,15 0,3/0,2/0,35/0,15 0/0,5/0,35/0,15
6,5 0,15/0,35/0,35/0,15 0/0,5/0,35/0,15 0/0,5/0,35/0,15
7,0 0/0,5/0,5/0 0/0,5/0,5/0 0/0,5/0,5/0
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4.4 Probabilistic seismic hazard assessment
The seismic hazard analyses were computed with EZ-FRISK 7.65 Build 004.
Each branch in the logic tree (see figure 4.8) corresponded to a single com-
bination of input parameters. A seismic hazard analysis was performed for
each combination, amounting to a total of 288 analyses. We computed the
site response for the PGA and a range of spectral frequencies between f =
0,5 and 40 Hz at five annual frequencies of exceedance (AFE = 10−4 a−1 -
10−8 a−1). The spectral frequency range was chosen to include the ranges in
prior reports [11, 15]. In addition, we selected the geometric mean horizontal
component of spectral response at 5% damping as the intensity measure and
64,53 ◦N 24,26 ◦E as the site location. The calculational parameters given
to the software are listed in table 4.8. Site parameters, including the vs30,
were disregarded as the Hanhikivi site is located on exposed bedrock [11]. A
focal depth of d = 45 km was selected since it was used in the prior reports
[11, 15, 17]. We applied the attenuation table format in EZ-FRISK to define
the GMPEs. The attenuation table records the GM prediction and its devi-
ation as a function of moment magnitude and distance to rupture (Pezeshk,
G16) or to the center of energy (FGMPE, Dahle). The distances ranged
from 1 to 1000 km (Pezeshk, FGMPE), 600 km (G16) and 200 km (Dahle)
with an interval of 5 km, while the moment magnitudes ranged from 0 to
7,0 with an interval of 0,1. We only carried out the seismic hazard analyses
with the modified G16 and Dahle GMPEs in this work, since the analyses
with the Pezeshk and the Fennoscandian GMPEs were already computed in
relation to prior work [17]. The computation process in [17] was verified by
comparing to the results by Malm & Kaisko (2017) [15].
The analyses on EZ-FRISK were run manually and the resulting probabilistic
spectra (psp) files were saved. A C++ program was written to process the
saved files, since it would be prohibitely time-consuming to manually handle
the produced data. The program extracted the spectral response values in
the psp files and sorted them by AFE and spectral frequency. The sorted
data was imported to Excel, where the weight accumulation as a function of
acceleration was computed for every time and spectral frequency following
the logic tree. Spectral acceleration values were then extracted at differ-
ent fractiles of the weight accumulation and compiled into ground response
spectra (GRS). GRS at varying fractiles are included to display epistemic
uncertainty. Fractile levels 5, 15, 50, 85 and 95% were chosen based on con-
vention [11, 18]. Although the assessment on Excel is time-consuming, the
visual illustrativeness allows for a better transparency.
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Table 4.8: Computational parameters submitted to EZ-FRISK.
Fault sources
Maximum inclusion distance 1000 km
Down dip integration increment 1 km
Horizontal integration increment 1 km
Number of rupture lengths per earthquake 1
Near source effects none
Subduction interface sources
Maximum inclusion distance 1000 km
Down dip integration increment 5 km
Horizontal integration increment 5 km
Number of rupture lengths per earthquake 1
Subduction slab sources
Maximum inclusion distance 1000 km
Down dip integration increment 5 km
Horizontal integration increment 20 km
Number of rupture lengths per earthquake 1
Area sources
Maximum inclusion distance 200 km
Default number of rupture azimuths 10
Maximum distance for default azimuths 20 km
Maximum distance for one azimuth 70 km
Use binned calculations if possible yes
Bins per distance decade (log scale) 20
All sources
Magnitude integration increment 0.1 M
Apply magnitude scaling factors no
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Chapter 5
Results
5.1 Sensitivity of the cumulative weight
This section discusses the cumulative weight distributions that are used to
calculate the ground respose spectra (GRS). Figure 5.1 shows the weight
accumulation for the PGA and spectral frequencies f = 40, 33, 20, 10 and
5 Hz at AFE = 10−5 a−1. Normalized weight accumulations from branches
with different GMPEs were included in figure 5.1 to study the contribution
of the GMPEs.
It is apparent that the modified G16 and Dahle GMPEs span over a signifi-
cantly larger range of SA values compared to the Pezeshk and Fennoscandian
GMPEs. The accelerations computed with the newly included GMPEs also
extend to distinctively high values, e.g. up to PGA = 0,70 g (mod. G16)
and 0,65 g (mod. Dahle), although the associated weight is small. PGA
with respect to cumulative weight for the modified G16 and Dahle GMPEs
remains below the Pezeshk GMPE nearly for the entire weight range. SA
as a function of weight for the new GMPEs exceed the Pezeshk GMPE at
low spectral frequencies, as seen for f = 5 - 10 Hz in figure 5.1. SA values
from the FGMPE remain below the Pezeshk GMPE at every fractile as the
FGMPE is essentially scaled from the Pezeshk GMPE.
It is important to understand the link between the GM predicted by the
GMPEs (see section 4.2) and the GM response at the site computed with
the seismic hazard analyses. The peak ground response from the Pezeshk
GMPE from the hazard analyses in figure 5.1 was considered unexpectedly
high compared to the GMPE values in figure 4.5. This raises concerns about
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the use of the Pezeshk GMPE below its range of applicability (Mw < 5, 0),
where the GMPE obtains considerably high GM values (see figure 4.6). The
concern is supported by the hazard deaggregation presented in [11], where the
mean magnitude for PGA = 0,20 g was as low as Mw = 2, 39. Unfortunately,
the effect of the GMPEs on hazard analyses is so complicated that it is
impossible to draw conclusions without further deaggregation study including
multiple logic tree branches.
Figure 5.2 shows the total weight accumulation and the normalized weight
accumulation of the different mmax branches (see figure 4.8) for the PGA.
Based on figure 5.2, the mmax values and weights should be selected with
consideration, as an interval of ∆mmax = 0,5 can cause differences above
0,1 g for a given fractile. The low total weight of the mmax = 6,5 and 7,0
branches (w(mmax = 6,5 and 7,0) = 0,056) prompted us to study the effect
of excluding these branches from the PGA calculation. Table 5.1 shows the
normalized PGA values calculated with only branches mmax = 5,5 and 6,0.
Excluding the high-magnitude branches systematically decreased the PGA
with changes up to 11,6% observed in table 5.1.
Table 5.1: Normalized PGA values calculated at different fractiles with only
branches mmax = 5,5 and 6,0. The difference from the total PGA value is
given in the brackets.
fractile AFE = 10−5 a−1 (g) AFE = 10−7 a−1 (g)
5% 0,0471 (-2,16%) 0,343 (0,0%)
15% 0,0568 (-0,0%) 0,390 (0,0%)
50% 0,130 (-11,6%) 0,683 (-4,65%)
85% 0,256 (-8,6%) 1,22 (-4,98%)
95% 0,350 (-11,4%) 1,49 (-6,82%)
5.2 Ground response spectrum
In table 5.2, we present the computed spectral accelerations for a range of
fractiles at AFE = 10−5 a−1. Spectral accelerations at the other studied
time frequencies (AFE = 10−4 − 10−8 a−1) are listed in appendix C. Figure
5.3 presents the SAs in table 5.2 as a ground response spectrum (GRS). The
current Hanhikivi 1 GRS [17] computed with the Pezeshk and Fennoscandian
GMPEs is included for comparison.
As seen in figure 5.1, the range of acceleration values can vary significantly
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Figure 5.1: Cumulative weight as a function of acceleration plotted with the
normalized cumulative weights from the GMPEs for the PGA and spectral
frequencies f = 40, 33, 20, 10 and 5 Hz.
for the different GMPEs. Consequently, the GMPEs contribute to the total
acceleration at different fractile ranges. As an example, the 5 and the 15%
fractile GRS in figure 5.3 are mainly determined by the FGMPE, as the
acceleration values resulting from the FGMPE branch are lower than the
values from the other GMPE branches. For this reason, the computed 5 and
15% fractile spectra are nearly identical with the corresponsing spectra in
the current Hanhikivi 1 GRS despite the presence of the new GMPEs in the
logic tree.
One of the most notable features in the current Hanhikivi 1 GRS is the
double-peak structure observed in the median and the fractiles below me-
dian. The double-peak structure, discussed in [17], arises from the frequency-
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Figure 5.2: Cumulative weight as a function of peak ground response plotted
with the normalized cumulative weights from the mmax branches in figure
4.8.
dependence in the weighting between the Pezeshk and Fennoscandian GM-
PEs. The structure is purely computational i.e. it is not observed in real
earthquake spectra (examples of real spectra in e.g. [14]). The newly com-
puted median spectrum does not show the double-peak structure observed
in the current median. Including new GMPEs decreases the weight of the
FGMPE branch increasing the median acceleration at f ≥ 10 Hz, i.e. the
range where the FGMPE is applied. When the total weight of the FGMPE
branch is decreased, higher acceleration values from the G16 and Dahle GM-
PEs begin to contribute to the total median acceleration.
The comparison of our results to the current PSHA in figure 5.3 also shows
that the 85 and 95% fractile SAs are decreased at high frequencies and in-
creased at low frequencies with the change occurring around f = 20 Hz. The
transition can be explained by figure 5.1, where below f = 20 Hz, the modi-
fied G16 and Dahle GMPEs exceed the acceleration of the Pezeshk GMPE at
the 85 and 95% fractiles, whereas the Pezeshk GMPE determines the acceler-
ations at high fractiles and frequencies. The distinctively different ranges of
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the acceleration values from the Pezeshk and Fennoscandian GMPEs in the
Hanhikivi 1 PSHA give rise to a large increase in amplitude at the threshold
fractile of 78%, which corresponds to the total FGMPE weight [17]. In figure
5.3 (dashed line), the substantial increase of 114% between the maximum
median and the maximum 85% fractile amplitudes can be attributed to this
threshold effect. Including the new GMPEs makes the GRS less sensitive to
the changes in the weight ratio between the Pezeshk and the Fennoscandian
GMPEs.
Table 5.2: Spectral accelerations computed for an annual frequency of ex-
ceedance of 10−5 a−1. The fractiles are approximated from the total cumu-
lative weight in figure 5.1.
frequency (Hz) 5% 15% 50% 85% 95%
PGA 0,0482 0,0568 0,147 0,280 0,395
40 0,193 0,220 0,299 0,495 0,858
33,33 0,222 0,279 0,369 0,548 0,845
25 0,237 0,330 0,425 0,682 0,792
20 0,219 0,303 0,423 0,651 0,785
10 0,0876 0,0992 0,283 0,455 0,643
6,67 0,195 0,221 0,268 0,349 0,520
5 0,111 0,122 0,161 0,262 0,435
2,5 0,0378 0,0428 0,0688 0,137 0,235
1 0,00769 0,00844 0,0126 0,0293 0,0571
0,5 0,00122 0,00184 0,00273 0,00959 0,0178
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Figure 5.3: Ground response spectrum at AFE = 10−5 a−1. The solid line
illustrates the SA values shown in table 5.2, while the dashed line represents
the SA values computed for the current Hanhikivi 1 PSHA [17]. The PGA
is plotted at f = 100 Hz.
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Chapter 6
Conclusions
In this work, we reviewed the logic tree parameters and the hazard calculation
in the current Hanhikivi 1 PSHA. The work was largely based on prior PSHA
reports [15–17] with a focus on the maximum magnitude and the GMPE
parameters. It should be noted that the results presented here are only for
sensitivity analysis with the purpose to support the previous reports.
We began by reviewing the current mmax weight assessment introduced in
[11]. The assessment process repeated with the parameters in [11] resulted
in different weight factors. We corrected the weighting, but the error was so
small that the correction was negligible. While the highest considered mmax
in the logic tree is based on literature, the choice of the lowest considered
mmax is arbitrary. In light of this, we attempted to include a maximum
magnitude of Mw = 5,0 in the logic tree. The resulting weight, W (mmax) =
0,86, was deemed overly optimistic and excluded. Our attempt demonstrates
the weakness in the current approach; it is very sensitive to the ambiguously
chosen lowest considered magnitude. In pursuit of a less sensitive method,
we attempted to directly derive the maximum magnitude and its standard
deviation instead of the current method of assessing confidence levels. This
approach resulted in mmax = 4,43 ± 0,51, which was unreasonably low. The
method was originally applied for the seismically active western NA and
appears to fail when applied to a less active area. All in all, our efforts with
maximum magnitude have only managed to emphasize the issues regarding
weight assessment.
We included two new GMPEs in the current Hanhikivi 1 logic tree. The first
GMPE, namely the modified G16 GMPE, was recently derived in coopera-
tion with the Finnish nuclear industry [2]. The second GMPE was derived
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from the Dahle function and calibrated to the Fennoscandian data in this
thesis. The Dahle function was selected as the base model, because it had
been applied at the Hanhikivi site [7] and the Loviisa site [39]. The GMPE
comparison in section 4.2 showed that the GMPEs predicted comparable GM
values in the Rhyp = 10 - 100 km range, but predicting ground motion below
Rhyp = 10 km is a challenging task due to the scarcity of the calibration data.
A comparison between the modified Dahle GMPE, the measurements and
the other GMPEs suggests that the modified Dahle GMPE underestimates
ground motion for Mw < 5, 0 in near distance (Rhyp ≤ 10 km). We decided
to include the modified Dahle GMPE in the logic tree despite the shortcom-
ings, since the GMPE is reasonable at high magnitudes. Nevertheless, we
assigned the modified Dahle GMPE a lower weight than for the modified G16
following the discussion above. Weight assessment of the GMPEs is difficult
as the uncertainty is epistemic. Furthermore, the reliability often depends
on spectral frequency and magnitude. Fortunately, the weighting of the logic
tree branches is also easily changed in PSHA.
We run the seismic hazard analyses on EZ-FRISK and compiled the weight
accumulation functions according to the logic tree. In section 5.1, we showed
the weight accumulation computed with the entire logic tree and compared
it to the accumulation computed with the normalized GMPE and maximum
magnitude branches. Unfortunately it is impossible to draw further conclu-
sions on how the GMPEs affect the hazard analysis results without further
magnitude and distance deaggregation studies. Updated deaggregation stud-
ies would also help to define the significant distance and magnitude ranges.
For example, the Pezeshk GMPE was applied beyond its range of applicabil-
ity (Mw < 5) possibly leading to inconsistently high amplitudes. Section 5.1
also presents the sensitivit study for the maximum magnitude. The sensitiv-
ity study showed that estimating the cumulative weight with only branches
mmax = 5,5 and 6,0 decreased the values by up to 12% between the 5 - 95%
fractiles. It could be feasible to neglect the high-magnitude branches as the
difference is small considering the overall uncertainty in PSHA and the num-
ber of required hazard analyses would reduce by half. Lastly, it should be
noted that our analyses assume a focal depth of d = 45 km, while d = 30
km could be more realistic, although the effect is expected to be small as
explained in section 2.
The computed cumulative weight functions were compiled into ground re-
sponse spectra for a range of annual frequencies of exceedance (AFE = 10−4
a−1 - 10−8 a−1). In section 5.2, we focus on the GRS at AFE = 10−5 a−1 due
to its safety significance and compare it to the current Hanhikivi 1 GRS. In
general, the drastically different ranges of the Pezeshk and Fennoscandian
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GMPEs result in some unphysical features in the current Hanhikivi 1 PSHA.
These features include the double-peak structure and the large increase in
the amplitude around the threshold fractile of 76%. Including the new GM-
PEs in the PSHA makes the GRS less sensitive to the changes in the weight
ratio between the Pezeshk and the Fennoscandian GMPEs alleviating these
purely computational features.
In summary, we studied the sensitivity of the GRS to the mmax and GMPE
parameters. We managed to improve our understanding of these parame-
ters, but our work also brought up issues regarding them. We encountered
problems in the current maximum magnitude assessment, which we could
not solve. Including new GMPEs in the logic tree diminished the problems
recognized in the current PSHA. Unfortunately, the challenge of defining the
included GMPEs will remain for as long as there is a lack of data in the
critical magnitude and distance range.
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Appendix A: Modified Dahle GMPE
and measured data
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Figure 1: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 40 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
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Figure 2: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 20 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
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Figure 3: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 10 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
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Figure 4: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 5 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
51
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
l l
l
l
ll
Fit for Mw = 6,0gr
ou
nd
 a
cc
el
er
a
tio
n 
(g)
l
l
CENA
Fennoscandia
mod. Dahle fit
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
Fit for Mw = 5,5
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
ll
l l
Fit for Mw = 5,0
gr
ou
nd
 a
cc
el
er
a
tio
n 
(g)
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
l
ll
Fit for Mw = 4,5
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
l
l
ll
l
llll
l
llll
l l l
l
Fit for Mw = 4,0
gr
ou
nd
 a
cc
el
er
a
tio
n 
(g)
hypocentral distance (km)
1e
−0
8
1e
−0
4
1e
+0
0
1 10 100
ll
ll
ll
l
ll
l
l
ll
ll
l
l
ll
l
l
l
Fit for Mw = 3,5
hypocentral distance (km)
Figure 5: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 2,5 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
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Figure 6: The modified Dahle GMPE plotted with the calibration points for
spectral frequency f = 1,0 Hz. Dashed lines represent the lg(Y )±σlg(Y ) errors.
The measurements are shown in the range of Mw ±∆m, where ∆m = 0, 25.
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Figure 7: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 40 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
Figure 8: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 20 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
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Figure 9: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 10 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
Figure 10: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 5,0 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
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Figure 11: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 2,5 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
Figure 12: Deviation of the modified Dahle GMPE from the calibration data
for spectral frequency f = 1,0 Hz as a function of magnitude Mw (left) and
distance Rhyp (right). The solid line shows the average deviation.
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Appendix B: GMPE comparison
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Figure 13: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral fre-
quency f = 40 Hz. Dashed line implies that the GMPE is out of its range
of applicability.
Figure 14: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral fre-
quency f = 20 Hz. Dashed line implies that the GMPE is out of its range
of applicability.
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Figure 15: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral fre-
quency f = 10 Hz. Dashed line implies that the GMPE is out of its range
of applicability.
Figure 16: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral frequency
f = 5,0 Hz. Dashed line implies that the GMPE is out of its range of
applicability.
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Figure 17: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral frequency
f = 2,5 Hz. Dashed line implies that the GMPE is out of its range of
applicability.
Figure 18: The GMPEs plotted between Mw = 4,0 - 7,0 for spectral frequency
f = 1,0 Hz. Dashed line implies that the GMPE is out of its range of
applicability.
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Appendix C: Ground response
spectra
Table 1: SA values computed at AFE = 10−4 a−1. The GRS is shown in
figure 19.
frequency (Hz) 5% 15% 50% (R) 85% 95%
PGA 0,0175 0,0203 0,0488 0,108 0,140
40 0,0607 0,0737 0,105 0,182 0,313
33,33 0,0662 0,10 0,132 0,212 0,306
25 0,0763 0,113 0,163 0,247 0,294
20 0,0791 0,109 0,162 0,246 0,297
10 0,0382 0,0449 0,109 0,183 0,243
6,67 0,0750 0,0808 0,0952 0,136 0,199
5 0,0460 0,0527 0,0655 0,110 0,164
2,5 0,0166 0,0185 0,0284 0,0552 0,0917
1 0,00304 0,00403 0,00574 0,0114 0,0206
0,5 0,000455 0,000804 0,00131 0,00367 0,00617
61
Table 2: SA values computed at AFE = 10−6 a−1. The GRS is shown in
figure 20.
frequency (Hz) 5% 15% 50% (R) 85% 95%
PGA 0,128 0,143 0,331 0,646 0,858
40 0,550 0,616 0,799 1,28 1,83
33,33 0,588 0,719 0,926 1,52 1,84
25 0,623 0,774 1,08 1,52 1,75
20 0,571 0,703 0,981 1,46 1,71
10 0,187 0,214 0,598 1,02 1,30
6,67 0,431 0,510 0,601 0,767 1,16
5 0,260 0,288 0,384 0,578 0,962
2,5 0,0791 0,0861 0,151 0,293 0,537
1 0,0151 0,0175 0,0269 0,0593 0,119
0,5 0,00279 0,00364 0,00593 0,0209 0,0432
Table 3: SA values computed at AFE = 10−7 a−1. The GRS is shown in
figure 21.
frequency (Hz) 5% 15% 50% (R) 85% 95%
PGA 0,128 0,143 0,331 0,646 0,858
40 0,550 0,616 0,799 1,28 1,83
33,33 0,588 0,719 0,926 1,52 1,84
25 0,623 0,774 1,08 1,52 1,75
20 0,571 0,703 0,981 1,46 1,71
10 0,187 0,214 0,598 1,02 1,30
6,67 0,431 0,510 0,601 0,767 1,16
5 0,260 0,288 0,384 0,578 0,962
2,5 0,0791 0,0861 0,151 0,293 0,537
1 0,0151 0,0175 0,0269 0,0593 0,119
0,5 0,00279 0,00364 0,00593 0,0209 0,0432
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Table 4: SA values computed at AFE = 10−8 a−1. The GRS is shown in
figure 22.
frequency (Hz) 5% 15% 50% (R) 85% 95%
PGA 0,850 0,939 1,39 2,38 2,81
40 2,62 2,81 4,62 6,72 7,44
33,33 2,57 3,04 5,08 8,16 9,07
25 2,43 4,01 5,27 7,53 9,26
20 2,17 3,60 4,70 6,18 8,43
10 1,10 1,20 2,14 3,48 4,56
6,67 1,53 1,80 2,14 2,79 3,94
5 1,08 1,25 1,48 2,01 3,21
2,5 0,394 0,428 0,646 0,990 1,82
1 0,0648 0,0758 0,111 0,201 0,381
0,5 0,00877 0,0148 0,0261 0,0774 0,162
Figure 19: Ground response spectrum at AFE = 10−4 a−1.
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Figure 20: Ground response spectrum at AFE = 10−6 a−1.
Figure 21: Ground response spectrum at AFE = 10−7 a−1.
64
Figure 22: Ground response spectrum at AFE = 10−8 a−1.
65
